The course of the low-temperature liquid-phase oxidation of hydrocarbons through hydro peroxide formation and subsequent decomposition has been confirmed. The function of a heavy metal catalyst is to increase both the rate of formation and decomposition of this hydroperoxide. The dependence of the stationary concentration of hydroperoxide on the oxidation rate and the catalyst concentration indicated that the hydroperoxide decom position is unimolecular with the reaction velocity constant directly proportional to the catalyst concentration. This has been confirmed by independent decomposition experi ments. It is suggested that the reaction involves the breakdown of a ' heavy metal catalysthydroperoxide ' complex.
Wild (1897-8) and subsequently modified by Callendar (1927) , Egerton (1928) , Ubbelohde (1935) and others, the primary intermediate is a peroxide which decom poses-the products then oxidizing further. However, a t high-reaction tempera tures peroxides decompose very rapidly, in consequence of which they are isolatable in only small amounts. In view of this Lewis & Von Elbe have emphasized the role of aldehydes in eliminating the initial induction period and they regard aldehydes as instrumental in the initiation of the hydrocarbon oxidation chain. Semenov has suggested th a t degenerate chain branching best explains the observed induction periods: and in the oxidation of methane and ethylene Gershevich & Burikov (1938) have shown kinetically th a t peroxides are responsible for this degenerate chain branching.
Moureau & Dufraisse (1926) and others found th at liquid-phase low-temperature oxidations are characterized by marked susceptibility to inhibitors and heavy-metal catalysts. Their theory of inhibition involving the induced oxidation of the inhibitor has been shown by Christiansen (1924) to require the further assumption of a chain mechanism. Backstrom (1927) demonstrated this experimentally in the oxidation of benzaldehyde and sodium sulphite, showing th at the inhibitor reacts with a chain carrier. Further detailed kinetic investigation has been impossible whilst the nature and sequence of the reaction products remained uncertain. This is especially true of the oxidation of lubricating oils, drying oils and fats where a large variety of oxygenated products result-olefin oxides, alcohols, aldehydes, ketones, ketols, glycols, acids, hydroxy acids, lactones, lactides and esters, etc. However, following Rieche's synthesis of organic peroxides, and especially hydroperoxides (1931) , the nature of the primary isolatable intermediate in the oxidation sequence has become clearer. Criegee (1939) has shown th at cyclohexene and tetralin oxidize to give stable hydroperoxides: in the former case oxygen attacks the methylenic carbon atom in the a-position to the double bond, rather than adding across the double bond as was assumed in the older formulations of olefin peroxides. Farmer and his co-workers (1942) have found th at this initial a-methylenie peroxidation, which leaves the double bond intact, occurs in the oxidation of other olefins and polyolefinic systems including rubber and methyl linoleate, a prototype of the drying oils. To what extent hydroperoxidation is the invariable process by which oxygen attacks a -C-H bond and how far all the complex oxidation products arise from hydroperoxide decay reactions have yet to be decided. However, it is well established th at hydroperoxidation is the common initial reaction in many oxidizing systems, and it is the purpose of this investigation to examine in detail the kinetics of the reaction and thus elucidate the underlying chain mechanism. This paper deals with the sequence of products in the oxidation of hydrocarbons, the kinetics of hydroperoxide decomposition, and the inhibition and heavy-metal catalysis of the chain reaction in general terms. In the papers that follow, the nature of the chain process is examined in the thermal oxidation, the benzoyl peroxidesensitized oxidation, the surface-catalysed oxidation and the heavy-metal catalysed oxidation.
P . G eo rg e, E . K . R id e a l a n d A. R o b e r ts o n
M a t e r ia l s
Tetralin, decalin, ethyl benzene, mesitylene and cumene. Specimens were obtained from British Drug Houses and further purified by shaking with concentrated sul phuric acid until no colour was given: this removes the residual peroxides. This method could not be used for the mesitylene because it reacts rapidly with the acid, so a distillation from a copper stearate solution was used in this case. After washing with caustic soda and twice with distilled water the hydrocarbons were dried over calcium chloride, distilled in a current of carbon dioxide and kept in brown glass bottles under the same gas. n-Octane, a-n-octene mixture and long-chain n-paraffins. Specimens were supplied by the Fuel Research Station. Copper stearate was added to decompose the residual peroxides and the mixtures were distilled. w-Octane, a-n-octene: b.p. 123-125° C, rip = 1-4042, Macllhiney bromine number = 58, this represents 42 % olefin. Longchain paraffins: b.p. 120-250° C at 5 mm. pressure-a mixture of the C15-C 26 hydrocarbons.
Oenanthal and stearic acid. Samples were obtained from British Drug Houses. The oenanthal was well washed with dilute brine to remove traces of acid and yet prevent undue solution of the aldehyde: after finally washing with water it was dried over anhydrous sodium sulphate, distilled and kept under carbon dioxide; b.p. 154° C. The stearic acid was vacuum-distilled; the middle fraction had a melting-point of 69° C.
Laurone. Laurie acid in acetone solution was passed over thoria a t 415° C; the product was dissolved in alcohol, poured into a solution of potassium hydroxide and the ketone separated off and recrystallized twice from alcohol; m.p. 69° C.
Heavy metal soaps. These were prepared according to the method given by Lawrence (1938).
P r o c e d u r e

A. Measurement of oxidation rates
The rate of oxygen uptake of films of the material was measured in the following manner. Using a graduated pipette, samples were run into small flat-bottomed flasks which had a volume of about 40 c.c. and a bottom surface area of about 20 sq.cm. Thus a 1 c.c. sample gave a layer 0-5 mm. thick. A small tube containing carbosorb asbestos, 63 % NaOH, rested in the neck of the flask to take up 3uch volatile oxidation products which might be formed, i.e. water. The flask was attached by rubber tubing to a gas burette containing mercury. A T-piece enabled the apparatus to be evacuated and filled with oxygen or other gas mixtures. The flask was immersed in an oil thermostat at temperatures near 100° C. I t took 1 min. to reach thermal equilibrium as measured with a fine wire copper-constantan thermocouple which took 10 sec. when immersed directly. The flask was set shaking a t about 200 cyc./min. and the gas burette was levelled by connecting to a water manometer isolated from the main system. The oxygen uptake was then measured a t \ min., 2 min, or half-hourly intervals for rates of the order of 100, 10 and 3 c.c. oxygen/c.c./hr. respectively: the average of four or five consecutive values was taken as the initial rate.
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tim e (min.) I t is now necessary to decide whether the results represent the true rate of reaction or are conditioned by physical factors, such as the passage of oxygen across the liquid-gas interface and/or its subsequent diffusion through the liquid. The following observations show th a t under the above conditions genuine reaction velocities can be measured. A series of experiments using 1 c.c. samples, some of which are illustrated in figure 1, showed th a t absorption rates of less than about 20 c.c. oxygen/c.c./hr. are not altered by shaking the flask, whereas those above this limit are much increased. However, in these cases there was no variation in the rate for shaking speeds of 100-300 cyc./min. In experiments on the uncatalysed oxidation of varying amounts of tetralin at 110° C, where the flask was not shaken it was confirmed th a t rates below about 20 c.c. oxygen/c.c./hr. are real reaction rates. The results are presented in table 1; the oxidation rate is in c.c. oxygen per hour. Experiments were then carried out with tetralin catalysed by 0-5 % ferric stearate which gives the very high oxidation rate of 183 c.c. oxygen/c.c./hr. at 110° C. Different amounts were shaken at 200 cyc./min.; the corresponding oxidation rates are given in table 2. I t is clear th a t for amounts less than 2 c.c. real reaction rates are obtained, for the rate is independent of the quantity of tetralin used. For the 3 and 5 c.c. portions physical conditions begin to limit the rate which was now found to be dependent on the shaking speed. In all the experiments th at follow, 1 c.c. portions of the material have been used, and for both uncatalysed and catalysed oxidations the flask has been shaken at 200 cyc./min. These preliminary experiments show very clearly th a t under the conditions outlined above genuine reaction velocities can be measured.
B.
The preparation, estimation and decomposition of the hydroperoxides
The peroxide solutions were made by the irradiation of the hydrocarbon with ultra-violet light at about 80° C for a day; oxygen was bubbled through all the time: the solution was then diluted as required.
The method used throughout for the measurement of the peroxide concentration has been the liberation of iodine from a solution of potassium iodide in acetic acid as described by Lea (1931) . Peroxide-free glacial acetic acid was prepared by dis tilling from a solution of copper acetate. A measured quantity of the oxidized hydro carbon was heated with 1 g. of solid potassium iodide and 5 c.c. of this peroxide-free acetic acid for 1 min. at 100° C. The iodine was then titrated with n /5 0 sodium thio sulphate, using starch as an indicator. I t was found necessary to pass nitrogen or carbon dioxide through the mixture during the entire process to prevent the libera tion of iodine arising from the absorption of atmospheric oxygen. In the case of hydrocarbon mixtures containing copper stearate it was essential to allow for the iodine liberated by the copper. This method of estimation was quite satisfactory for the olefin hydroperoxides.
As only small quantities of peroxide solution were available it was necessary to carry out the peroxide decomposition on a small scale. The peroxide solution was contained in a test-tube fitted with a cork with a pipette passing through it and a small vent hole cut in the side. This tube and another containing the heavy-metal catalyst dissolved in the parent hydrocarbon were immersed in an oil thermostat. When therm al equilibrium was reached the solutions were mixed and measurements of the peroxide concentration were made a t intervals. During the decomposition a stream of nitrogen was passed in through the pipette to prevent the absorption of oxygen during the experiment.
. T h e s e q u e n c e o f o x i d a t i o n p r o d u c t s (a) Hydroperoxide formation
In the thermal oxidation of ethylbenzene a t 110° C over a period of 2 days, most of the absorbed oxygen has been found as hydroperoxide: this is shown in table 3. In the thermal oxidation of tetralin the exclusive production of hydroperoxide is even more striking. As is shown in figure 2 in the early stages of the oxidation it represents as much as 93 % of the absorbed oxygen. Figure 3 shows th a t in the heavy-metal catalysed oxidation the initial produce is again hydroperoxide: a very low copper stearate concentration had to be used, for as will be seen later it is also a very efficient catalyst in the peroxide decomposition. The activation energies of this hydroperoxide formation have been measured for the thermal oxidation of tetralin (65-130° C) and for the ferric stearate catalysed oxidation (90-120° C). The values in table 4 have been calculated from the formula
T a b l e 3. H y d r o p e r o x i d e f o r m a t io n i n t h e o x i d a t i o n o f e t h y l b e n z e n e
( 1) where and R2 are the rates at the higher and lower temperatures Tx and jT 2 respec tively. The rate a t 110° C has been used in each calculation because of the many determinations of the rate carried out at this temperature. The initial oxidation rates are given in c.c. oxygen per c.c. tetralin per hour. The mean value of the activation energy for the thermal oxidation is 14*9 kcal., the standard deviation of the mean is 0*6 kcal.; and the standard deviation of any individual determination is 1-3 kcal. These somewhat large deviations arise from variations in the thermal oxidation rate which may be as large as 10 % from one specimen of tetralin to another. The values given in table 4 were obtained using three different specimens at different times. However, for any one specimen the rates are reproducible to within 4 %, and care has been taken to use the same specimen of tetralin throughout any one kinetic 294 P . G eo rg e, E . K . R id e a l a n d A. R o b e r ts o n F ig u r e 2. U ncatalysed oxidation of te tra lin a t 120° C. A. Gaseous oxygen absorbed. B. Oxygen present as hydroperoxide. 
T a b l e 4. O v e r a l l a c t iv a t io n e n e r g i e s f o r t h e o x i d a t i o n o f t e t r a l i n
uncatalysed te tra lin catalysed tetralin (J % F e S t3) investigation. The mean value of the activation energy for the ferric stearate cat alysed oxidation is 6*5 kcal. Here the rates are reproducible to within 2 %, and the standard deviations of the mean and the individual determinations are 0*08 and 0*14 kcal. respectively. Whilst this activation energy is very low there is no possibility th a t it has been conditioned by physical limitations, such as oxygen diffusion, as was shown earlier.
These low values are conditioned by the chain character of the oxidation process and will be dealt with more fully later.
The decomposition of a hydroperoxide can occur in several ways including a unimolecular reaction to give the ketone and a bimolecular reaction to give the alcohol:
I t has not been possible to examine the decomposition of paraffin hydroperoxides because their instability makes it difficult to obtain high concentrations. Whilst olefin hydroperoxides can be more readily obtained, Farmer & Sundralingam (1942) have shown their uncatalysed decomposition to be complex, involving the production of olefin oxides. However, the uncatalysed decomposition of the alkyl benzene hydroperoxides is simpler and the kinetics have been examined. Medvedev (1938) found th at tetralin hydroperoxide decomposes to give almost entirely tetralone. Yamada (1936) and Ivanov, Savinova &v Michaelova (1939) have shown this to be a unimolecular reaction. Yet there has been scarcely any kinetic investigation of the heavy-metal catalysed decomposition. Until recently the observation th a t in the heavy-metal catalysed oxidation very little hydroperoxide can be found, has been taken to mean th a t hydroperoxide formation is hindered by heavy-metal catalysts (see for example Plissoff 1935-6). However, it is now clear th at heavy-metal catalysts increase both the rate of formation and decomposition of hydroperoxide. Cook (1938) showed th at the hydroperoxides of tetralin, cyclohexene and octalin, in the presence of ferrous phthalocyanine, give large yields of the corresponding ketones. One of the decomposition reactions thus predominates, and it is now possible to examine kinetically the balance between the formation and decomposition of the hydroperoxide. In the study of the effect of copper stearate on the oxidation of ethyl benzene at 110° C, the residual peroxide concentration was measured after the uptake of about 25 c.c. of oxygen per c.c. hydrocarbon. A marked decrease in the peroxide concen tration was found as the catalyst concentration was increased. The results are presented in table 5 where the initial oxidation rate is given in c.c. oxygen per c.c. ethyl benzene per hour, and the peroxide concentration is measured in c.c. absorbed oxygen (corrected for the copper present). Now the rate of hydroperoxide decomposition can be expressed in the form,
T a b l e 5. E t h y l b e n z e n e . V a r ia t io n o f t h e o x i d a t i o n r a t e a n d t h e e q u i l i b r iu
where C and P represent the catalyst and peroxide concentrations and A is a con stant. In § 1 (a) it has been shown th at the rate of peroxide formation is given by the rate of oxygen absorption, RF. At equilibrium the rate of peroxide formation equals the rate of peroxide decomposition, i.e. RF = RD. Thus if Pe be the equili brium peroxide concentration, it follows that
where A is a constant. In table 5 the ratio RFjPe G has been calculated and it is seen to be constant. Ignoring the value for th e lowest catalyst concentration where the errors are greatest, the mean is 12-5: the standard deviation of the mean is 0*6. The fact th at RF/PeC is a constant implies th at the peroxide decomposition is unimolecular, the reaction constant being proportional to the catalyst concentration.
This conclusion has been confirmed by a kinetic examination of the copperstearate catalysed decomposition of tetralin and octene hydroperoxides. The decomposition of oxtene peroxide was investigated, varying the catalyst concen tration at 100 and 110° C. Table 6 gives typical figures for the decomposition, and table 7 shows that the unimolecular reaction constant is directly proportional to the catalyst concentration. The activation energy for the decomposition in the presence of 0-05 % copper stearate is 35+1 kcal. In the case of tetralin hydro peroxide linearity with catalyst concentration was established at 107° C; then the unimolecular constants corresponding to 0*3 % copper stearate were checked several times at 102 and 110° C and found to be 0-018 and 0-049 min.-1 respectively, giving an activation energy of 35 + 1 kcal.
In the case of several hydrocarbons where the decomposition has not been studied an index of the stability of the peroxide can be obtained as the ratio of the oxidation rate to the residual peroxide concentration for a given catalyst concentration (equation (2)), since it has been shown experimentally th a t RF/PeC is a constant (c) The effect of hydroperoxide decomposition products and further oxidation products upon the initial oxidation rate of hydrocarbons Figure 4 gives the results of experiments in which mixtures of long-chain paraffin and stearic acid, laurone and sec.-dodecyl alcohol were oxidized with cobalt stearate as catalyst.. It is seen that the alcohol is a mild inhibitor of the hydrocarbon oxidation, whilst hydrocarbon inhibits ketone oxidation. The relative oxidation rates of these hydrocarbon derivatives have considerable bearing on the course of the oxidation.
A table of rates measured in c.c. oxygen per c.c. material per hour at 110° C is given below for the uncatalysed oxidation and th a t catalysed by 0-5 % by weight of cobalt stearate. 
T a b l e 9. O x id a t i o n r a t e s o f t y p i c a l h y d r o c a r b o n d e r i v a t i v e s
uncatalysed catalysed com pound ra te ra te sec.-octyl alcohol 0-06 0-2 cetyl alcohol 0-08 0-8 long chain n-paraffin 0-25 4*8 stearic acid 0-50 7-3 laurone 2-6 8-6 oenanthal 720 55 Discussion The formation of hydroperoxide in the oxidation of tetralin has been reported by Hock & Susemihl (1933) , Medvedev (1938) and Criegee (1939) . Ivanov et al. (1939) have noted the effect of inhibitors andlieavy-metal catalysts on the rate of formation. The experiments in § 1 (a) have confirmed th at the oxidation proceeds via the hydro peroxide in both the uncatalysed and heavy-metal catalysed oxidations. The heavymetal catalyst increases both the rate of formation and decomposition of the hydroperoxide, and in § 1 (6) this equilibrium has been studied in the oxidation of ethyl benzene. The heat of activation of the decomposition of the hydroperoxides is considerably greater than th a t of formation, and so it follows th a t the concentration of peroxide in an oxidation will decrease as the temperature rises. This is found to be so, and in general peroxides have rarely been detected in liquid-phase oxidations a t temperatures greater than 170° C.
In 1938 Cook found th a t in the ferrous phthalocyanine catalysed decomposition of many hydroperoxides large yields of ketones are obtained. In § 1 (6) the heavymetal catalysed peroxide decomposition was shown to be a unimoleeular reaction in which the velocity constant is proportional to the catalyst concentration. This confirms the idea th a t the decomposition involves the breakdown of a heavy-metal catalyst-hydroperoxide complex. The existence of such a complex has been demon strated spectroscopically by Stern (1936) in the decomspoition of ethyl hydrogen peroxide in the presence of the enzyme catalase. This also accounts for Cook's observation th a t ferrous phthalocyanine in the presence of tetralin hydroperoxide forms a red compound from which the blue phthalocyanine can be regenerated by the addition of a small quantity of reducing agent, such as hydrazine.
In the oxidation of long-chain saturated hydrocarbons the hydroperoxides are far less stable; however, the oxidative behaviour of the various products is in agreement with the following oxidation sequence:
hydrocarbon -» hydroperoxide -> alcohol 1 ketone -> acid -» further oxidation products.
As was shown in § 1 (c), the slow oxidation rate of alcohols makes it extremely unlikely th a t they are primary oxidation intermediates (i.e. th a t all the subsequent oxidation products can be derived from them ): if they were, the oxidation would be auto-retarding and alcohols would predominate in the oxidation products. By examining the oxidation of mixtures it was found th a t long-chain alcohols inhibit the catalysed oxidation of long-chain paraffins. This confirms the above conclusion which is further supported by the observations of Farmer & Sundralingam (1942) . They found it impossible to oxidize cyclohexene-3-ol to the corresponding ketone and concluded: * this suggested (although in no way proved) th a t the ketone is formed directly from the hydroperoxide rather than indirectly via the alcohol.' Table 9 , containing the oxidation rates of hydrocarbon derivatives, has con siderable bearing on the amount of an oxidation intermediate isolatable in a pro longed oxidation. Provided the oxidation of one intermediate does not interfere markedly with th a t of another, the 'stationary' concentrations will be approxi mately proportional to the reciprocal of the individual oxidation rates. This accounts for the small amounts of aldehydes which can be detected and suggests th at quite high ketone concentrations should be found. Larsen, Thorpe & Armfield (1942) have examined the uncatalysed oxidation of aliphatic, naphthenic and aromatic-naph thenic hydrocarbons at 110° C. Some of their results are listed in table 10, where the percentage of absorbed oxygen occurring as peroxide, alcohol, and ketone is given for oxidation over periods of hr. Their use of hydroxylamine to estimate the carbonyl content in the presence of hydroperoxides-strong oxidizing agents-can be criticized; however, in these prolonged oxidations the residual peroxide content is quite low and the correction would only be of the order 10-25 %. These results are significant, for they show the large preponderance of ketones over alcohols. This is in agreement with the above prediction and supports the suggested oxidation sequence. 300 P . G eorge, E . K . R id e a l a n d A. R o b e r ts o n The entire course of the oxidation of the more complex unsaturated hydrocarbons, and in particular that of the drying oils, has yet to be elucidated. The oxidation products are far more complicated (Farmer & Sutton 1942; Morell, Bolam, Davis, Marks, Phillips & Sim 1942) : further, polymerization can occur which involves the peroxide (Gee & Rideal 1935) . However, the general course of the oxidation through hydroperoxide formation and decomposition is well established in many cases, and much evidence now shows that the hydroxylation theory is inapplicable to these liquid-phase oxidations.
T h e c h a in c h a r a c t e r o f t h e o x i d a t i o n
Moureau & Dufraisse (1926) and many others have studied the effect of inhibitors and heavy-metal catalysts on liquid-phase oxidations. These processes will now be examined in turn for information regarding the chain mechanism of the production of hydroperoxides in the oxidation of hydrocarbons A. Inhibition In 1927 Backstrom studied the quantum yields obtained in the photochemical oxidation of benzaldehyde, oenanthal and sodium sulphite: the very high values, 10,000, 15,000 and 50,000, clearly showed the chain character of the reaction. Alyea & Backstrom (1929) examined the inhibition of the thermal and photochemical oxidation of sodium sulphite by various alcohols and established th at the alcohol reacted with a chain carrier, undergoing oxidation. From their results they were able to calculate the chain length of the inhibited reaction. Jeu & Alyea (1933) extended the study of inhibition and derived an empirical method for the deter mination of the chain length in the uninhibited oxidation. In the more fundamental derivation which now follows, it has been assumed th at the inhibitor reacts with one of the active centres of the chain, one molecule of inhibitor being removed for each chain stopped. I t is also assumed that the inhibitor reacts with rhe same chain carrier involved in the normal chain termination reaction.
hain reaction the overall rate Since -g-= *~ C it follows th at Ri ap
Thus the initial slope of the curve obtained by plotting 1 /R{ against t, gives the ratio cjp. Now the ratio of the uninhibited rate to the initial inhibited rate Rio is
Rq b + cIq
and so whence \* u * chain length K -] equ. (6) Thus by determining R0, Rio and c/p the chain length of the unin may be calculated. Before presenting the experimental results of the determination of the chain length in the thermal oxidation of tetralin, a further approximate solution of the above equations will be considered.
As an alternative to measuring the oxidation rate during the removal of the inhibitor the induction period can be measured, which may be defined as the time taken for the rate to become equal to the uninhibited rate to within experimental error. The problem is now to evaluate this induction period ti in terms of the funda mental quantities of the chain mechanism.
A strict mathematical interpretation of equation (3) shows th at the time taken for the complete removal of the inhibitor is infinite; since as /-> 0 the value of In I J I approaches oo. However, when the inhibitor concentration becomes sufficiently small, the rate will become undistinguishable from the uninhibited rate. The relative contributions of the algebraic and logarithmic terms in equation (3) can now be estimated for this condition to hold.
Equation (3) can be rewritten t 1 equ. (7) From the ratio of the uninhibited to the initial inhibited rate, it has been shown above th at equ. (8) Let R0IRio be 10, then, when the inhibitor concentration is reduced to 1/225 of its initial value, jR0/i^ will be 1-04. This is indistinguishable from 1, the experimental error being of the order of 4 %. In table 11 the contributions of the algebraic and the logarithmic terms in the expression for t/I0 are calculated from equations (7) and (8) for various values of R0/Rio, assuming th at the ratio of the initial and final inhibitor concentrations to be this value of 225:1. Thus when the reaction is strongly inhibited, an approximate value of a, the rate of chain initiation, follows from a measurement of the induction period, for equation (4) then becomes
equ. (9) From this an approximate value of the chain length may be calculated, since chain length = ^ = -= -.
Whilst the values of the chain length obtained by this approximation are not sufficiently accurate for an investigation of the variation of chain length with temperature, the measurement of the kinetic dependence of the induction period on the hydrocarbon and oxygen concentration can be used to determine the kinetic dependence of the chain initiation reaction. This is possible for two reasons. First, the coefficient of the logarithmic term b/c in equation (3), may be independent of the reactant concentrations: then the approximation makes no difference provided th a t the initial inhibitor concentration is kept constant. Secondly, even if the coefficient b/c does contain a reactant concentration, the contribution of the algebraic term will dominate the expression, provided th a t the reaction is strongly inhibited. The results of this investigation are presented in the next paper, where it will be seen th a t the first of these conditions is operative and so the use of the approximate equation is perfectly justified. The measurement of the chain length in the thermal oxidation oftetralin. The oxygen uptake of 1 c.c. samples of tetralin containing from 0*002 to 0*02 % of /?-naphthol was measured until the rate reached the uninhibited rate. This was done over a temperature range of 100-130° C, a quartz flask being used throughout this series of experiments. (Identical rates are obtained using quartz or glass flasks, the former giving the more reproducible results.) The reciprocal of the rate at time t was then plotted against t for several inhibitor concentrations a t each temperature. In figure 5 are given the curves obtained a t 120° C. As was shown above, the initial slope of these ( l / R tc urves gives the ratio c/p, and knowing the initial inhibited rate Rio and the initial inhibitor concentration i0, the chain length A can be cal culated (equation (6)). The results are given in table 12, the rates being measured in c.c. oxygen per c.c. tetralin per hour and the initial inhibitor concentration in mg./c.c. I t follows from equation (5) th at the slopes of the (1 t curves should be independent of the inhibitor concentration: table 12 and figure 5 show th at this is so.
I t can be seen from table 12 that the chain length has a negative energy of activa tion. This was to be expected, since the chain length is the ratio of the chain pro pagation rate to the chain termination rate, and whilst chain propagation reactions are approximately thermoneutral with small activation energies the chain termina tion reaction must have a considerable negative heat of reaction and hence a much larger activation energy. This can be made more explicit as follows:
If the overall oxidation rate and the chain initiation, propagation and termination rates be represented by R0, Rs, Rp and Rt, and their corresponding energies of activa tion are E^ Es, Ep and Et, then 
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T a b l e 13. 'A c t iv a t io n e n e r g y ' o f t h e c h a in l e n g t h tem p eratu re°C chain length kcal. per g.mol. The average value of Ex is -13*3 kcal.: since the error in the chain length is about 10, the probable error in Ex is about 2 kcal. Now in § 1 (a) the overall activation energy E0 was found to be 14*9 ± 0*6 kcal.: and so, using equation (10), the activation energy of the chain starting reaction Es can be calculated:
Es = Eq -E^ -14-9 + 13-3 = 28-2 + 2-5 kcal.
This is a surprisingly small activation energy, and its significance will be dealt with in the next paper where the nature of the oxidation chain is considered. At room temperature the oxidation rate is very small, and so the chain length cannot be directly measured. I t is of interest to calculate it for comparison with the chain lengths determined for other oxidizing systems. Assuming that the activation energy of the chain length does not vary with temperature, a t 20° C the chain length would have a value o f48,000. This is of precisely the same order as the values obtained by Backstrom (1927) in the photochemical oxidation of benzaldehyde oenanthaldehyde and sodium sulphite. I t must be emphasized th at the method of calculation presented above gives the absolute chain length, i.e. the chain length of the un inhibited oxidation. The main proviso is that if the inhibitor in its removal deacti vates n reaction centres then the values for the chain length should be divided by n. However, it is very improbable that n is greater than two: its most likely value is one.
B. Heavy-metal catalysts
In an earlier communication it was shown that in heavy-metal catalysed oxida tions the oxidation rate is independent of the catalyst concentration above a certain value (George, Rideal& Robertson 1942) . This has been reported by Robinson (1924) Vol. 185. A. 20 for the oxidation of linseed oil catalysed by haemoglobin, and Cook (1938) for the oxidation of benzaldehyde catalysed by ferrous phthalocyanine. Further experimental results will now be presented together with a more detailed account of the chain mechanism advanced to explain them. The curves in figures 6, 7 and 8 show the variation of the oxidation rate of tetralin, stearic acid and oenanthal with P . G eo rg e, E . K . R id e a l a n d A. R o b e r ts o n cataly st concentration (% by weight) the catalyst concentration. The metallic soaps, ferric, cupric and cobaltous stearate, have been used as catalysts because of their easy dispersion in the organic media. I t has already been shown th at the maximum rate cannot be due to physical limitations in the method of measurement (see Procedure-measurement of oxida tion rates). I t is equally certain that it is not a solubility effect, for 10 % solutions of the soaps could be prepared a t the temperature of the oxidation-110° C, whereas the threshold concentration for the maximum rate lies a t about 0*05 %, with the exception of ferric stearate catalysed tetralin, where it is 0*5 %. I t is also considered very unlikely th a t micelle formation is responsible for this abrupt change in kinetic dependence. I t was shown earlier in this paper th a t as well as catalysing the hydroperoxide decomposition, the heavy-metal catalyst also increases the rate of hydroperoxide formation. If the mechanism by which it does this is the initiation and termination of further reaction chains, then the maximum catalytic rate can be accounted for. In the following mathematical formulation it is assumed th a t the metal catalyst starts and stops the same type of chain th a t occurs in the thermal oxidation. Evidence will be presented in a later paper which suggests th at this is not the case; however, an expression of the same form results from the more detailed treatm ent.
In the heavy-metal catalysed oxidation the total oxidation rate Rm can be repre sented by the following expression:
equ. (11) where a and b are the initiation and termination rates in the thermal reaction, d and e are the rates of chain initiation and termination for unit catalyst concentration, p is the propagation rate and m the catalyst concentration. Wh as a positive or negative catalyst of the oxidation depends on the ratio > oo_dje Rm0 which may be greater or less than one. If d/e > a/6, then the metal is a positive catalyst: if d/e < a/6 then it will be a negative catalyst. The rate is thus independent of the metal concentration, when dm and em are much greater than a and 6. The positive catalytic effect is shown by long-chain paraffins catalysed by cobalt stearate, ethyl benzene catalysed by copper stearate, tetralin catalysed by copper and iron stearate, and stearic acid catalysed by cobalt and copper stearate (George et al. 1942 ; figures 6 and 7 above). The negative catalytic effect is shown exceptionally well with oenanthal and cobalt stearate (figure 8).
The chain starting and stopping function of metallic catalysts offers an explana tion for the inhibition of the oxidation of benzaldehyde by colloidal iron (Berl & Winnacker 1930) , and the many observations of Dufraisse & Horclois (1930) on the heavy-metal catalysed oxidations of acrolein, benzaldehyde, furfural, styrene, turpentine and sodium sulphite.
Inhibition of the heavy-metal catalysed oxidation. Considerably larger amounts of inhibitor have to be used to effect a reduction in the rate: i.e. 1-3 % /?-naphthol in the oxidation of tetralin at 120° C catalysed by 0*005 % copper stearate as compared with 0*002-0*02 % /?-naphthol in the thermal oxidation. However, the behaviour of the inhibited heavy-metal catalysed oxidations is surprisingly complex. For in stance, at low inhibitor concentrations no induction period is observed, the oxidation rate being maintained a t a constant diminished value. At higher inhibitor con- centrations slight induction periods are obtained, but the final rate achieved is even more diminished. For this reason it is impossible to calculate chain lengths. If, however, the chain length is of the same order as th a t of the thermal oxidation, the much larger quantities of inhibitor required to produce a corresponding reduction in the rate indicate th a t far more chains are started in the heavy-metal catalysed oxidation.
The reason for the anomalous behaviour in these inhibited heavy-metal systems is undoubtedly th at not only can the inhibitor stop reaction chains but also form complexes with the metal catalyst rendering it less active in the formation of the hydroperoxide. Evidence in support of this lies in the observation th a t the initial oxidative efficiency of the heavy-metal catalyst is markedly suppressed by pre heating the catalyst and inhibitor in an atmosphere of nitrogen.
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